In order to achieve the energy recovery of the coolant heat for internal combustion engine (ICE) using the thermoelectric generation (TEG) technology, one test bed for studying the influence of temperature on the characters of thermoelectric generators was established and the relationship between the temperature and characters of thermoelectric generator was researched based on it. The results showed that the cooling effect improved with the increase of fan speed which the fan was installed in the vertical direction of the radiator, but the cooling effect had a limit speed value. And it also indicated that the forced air cooling was better than the natural convection cooling method which can effectively reduce the temperature of the cold end while it has little effect on the hot end temperature. Moreover, the Seebeck coefficient was reduced with the increase of temperature difference between the two ends of thermoelectric generator and the Seebeck coefficient was also declined with one end temperature rise when the other end temperature was constant.
Introduction
Conventional internal combustion engine (ICE) thermal efficiency is only about 40% of the fuel energy, while about as much as 60 percent of the energy has not been effectively utilized which results in the fact that most of the energy is lost to the air in the form of heat and a huge waste of energy [1] . Therefore, if the fuel economy and engine thermal efficiency can be improved effetely it has an important significance for energy conservation and environment pollution.
Thermoelectric generation technology (TEG) is a new kind of energy recovery technology which can convert heat into electricity directly using the Seebeck effect of thermoelectric materials. Therefore, based on thermoelectric conversion principle the engine exhaust gas heat and coolant heat can be recovered. This kind of energy recovery technology has stable performance, no noise, no wear, small size, light weight, long life, and other advantages which have caught more and more attention in recent years [2, 3] .
There are two types of engine energy that can be recycled using TEG technology; one is the coolant and the other is the exhaust gas. Currently, many researchers are paying more attention to the relationship of thermoelectric structure [4] , cooling method [5] [6] [7] , fin length [8] , and radiator structure [9] [10] [11] on heat transfer efficiency for engine exhaust gas energy recovery. While few researches have been done about coolant energy recovery and only one explore by using thermoelectric power generation to replace the radiator has been reported whose results showed that the energy recovery efficiency was 3.2% and 10% when the speed was 80 km/h and at idle speed respectively [12] .
The main reason of fewer researches on coolant energy recovery is that the coolant temperature generally does not exceed 110 degrees centigrade which is much lower than the exhaust gas temperature. However, in the view of engine heat balance, coolant energy is also considerable compared with the engine exhaust gas energy. Meanwhile the cooling system has cooling fans and pumps at the present which provides good premise for TEG and the TEG modules are commercially available without using special production whose temperature limit is 220 degrees centigrade which is higher than the coolant temperature. So it is very convenient for practical application with the commercial TEG for coolant energy recovery.
For the application of TEG technology for coolant energy recovery, the first thing is to reveal the effect of temperature on the characters of the thermoelectric generator. So one test bed was established which can be used to study the characters of TEG based on analysis of engine coolant heat energy recovery.
Test Bed Set
The schematic diagram of the TEG test bed is shown in Figure 1 and the system can be divided into four parts: the cold end, the hot end, the TEG modules, and the load. Among them, the cold end is made of aluminum and the dimension ( × × ) is 300 mm × 100 mm × 35 mm while the thickness is 5 mm which is cooled with forced air. The hot end is made of cast aluminum and the shape is a box which can contain pure water for heating. The TEG model type is F30345 and size is 40 × 40 × 3.8 mm whose internal resistance is 2.4 Ω. In order to measure the temperature of the cold and hot side the flat type thermocouple is applied whose width is 3.7 mm and thickness is only 0.28 mm and the accuracy is ±1.5 degrees centigrade and the reaction time is 2.50 s which is suited for measurement requirements. For increasing thermal conductivity and contact of the cold and hot end the silicone is used to connect the four parts. Meanwhile, in order to measure the temperature of coolant and ambient, respectively, the -type nickel-chromium-nickel silicon thermocouple is also used. Then the processing circuit for thermocouple and Altai's USB2002 acquisition system are also used for data acquisition. At the end the real-time recording temperature, voltage, and other experimental data are gathered into a PC for data storage. Figure 2 shows temperature trend of the hot end and cold end during the coolant temperature rise process. It can be seen that the hot end has a same trend as the coolant during the heating process, but at the end the coolant temperature reaches 100 degrees centigrade while the hot end temperature is only 80 degrees centigrade. The reason is the thermal resistance of the aluminum container wall between the coolant and the hot end, which causes the temperature difference between the coolant and the hot end. Therefore, in practical applications, this kind of thermal resistance should be minimized and the material with big thermal conductivity such as brass can be considered.
Results and Discussion

Process of the Temperature Rise.
However, the temperature rise trend of the cold end shows a significantly different chat during the heating process. From the figure it can be seen that there is a 4 s delay of the cold end and the temperature of the cold end is almost the same as the ambient temperature at the first 4 s of the heating process. Then the temperature rises with the coolant temperature and the temperature keeps at 49 degrees centigrade at the end naming about 18 s later than the start.
The material of the cold and the hot end of TEG modules is ceramic and the core material is the semiconductor whose thermal conductivity is small. So at the beginning the cold end temperature remains the ambient temperature.
But, with the continuous heating process, the cold end temperature rises slowly. It can be explained by the small distance between the cold end and the TEG modules. Because of the small distance between the hot end and the cold end, the heat can be transmitted through the TEG modules and the surrounding air even though their thermal conductivity is small. However, when the heat transmitted to the hot end is equal to the heat transferred to the heat sink the temperature does not rise. Figure 3 shows the temperature of both ends of TEG at different voltages. Compared with nature air cooling method the temperature difference across TEG is significantly reduced by approximately 24 degrees centigrade which can make the temperature difference reach 50 degrees centigrade or more. So it is obvious that forced air cooling can increase temperature difference. It also can be found that the hot side temperature is reduced by about 2 degrees centigrade although the cooling fan is located in the cold end. According to heat theory, there are three ways for heat transmission: heat conduction, convection, and radiation. For this test the heat conduction plays an important role in heat transmission and the hot end heat obtained from the coolant is constant. The cold end temperature decreases obviously which can improve the heat radiation and reduce the hot end temperature when the surrounding ambient temperature of TEG is reduced.
Effect of Cooling Methods on
It also can be found in Figure 3 that the cold end temperature decreases become obvious when the fan voltage rises from 6 V to 12 V. Namely, forced air cooling can improve the cooling effect, but there is a limit.
The cooling method adopted in this test is an axial fan plus radiator, namely, the jet cooling method whose cooling air flow direction is the vertical direction of the radiator which will cause pressure loss. When the fan speed continues to increase the pressure loss is also increasing. Then the cooling effect is getting smaller and smaller with the increase of fan speed [13] .
Influence of Temperature Difference in Seebeck Coefficient.
It is well known that the Seebeck coefficient can be defined as
where is Seebeck coefficient; is open circuit voltage, V; is temperature of hot end, ∘ C; is temperature of cool end, ∘ C. Figure 4 shows the open circuit voltage increase with the temperature difference of both ends and the fitter line. It is revealed that the open circuit voltage has an almost linear relationship with the temperature difference of both ends, but it still has some error between the experiment points and linear fitter line which means the Seebeck coefficient is not constant. So the influence factor is researched in the following part. Figure 5 shows the curve between the temperature difference of both ends and the Seebeck coefficient when the data is measured during the temperature rise process and the Seebeck coefficient is calculated by (1) . It is revealed that when the temperature difference across TEG ends is 16 degrees centigrade the Seebeck coefficient was 0.049 and the Seebeck coefficient value continue to decrease with the rise of temperature difference. And when the temperature difference is 65 degrees centigrade the Seebeck coefficient decreases to 0.031. It can be concluded that the Seebeck coefficient decreases with the increase of temperature difference.
It can be found from the material of TEG that the N-type material is mainly Bi 2 Te and P-type material is mainly Sb 2 Te 3 ∘ . It is known about the characteristics of semimonomer material that Seebeck coefficient is reduced with the increase of temperature. For this experiment both the hot and cold end temperature increase during the heating process, so the Seebeck coefficient of the TEG decreases with the temperature increase.
Note that, when the temperature difference increases the open circuit voltage is increased because of temperature difference increase although the Seebeck coefficient decreases. So the higher temperature difference across TEG higher open circuit voltage can be reached.
From the above analysis, it can be seen that the temperature difference has an effect on Seebeck coefficient, which also means the Seebeck coefficient is not constant. Therefore, for further analysis the temperature of the hot end and cold end is fixed constant, respectively. Figure 6 shows the Seebeck coefficient change with the cold end temperature with the hot end temperature being fixed at 80 degrees centigrade and the Seebeck coefficient being also calculated using (1) . It can be seen that when the cold end temperature is 25 degrees centigrade the Seebeck coefficient is about 0.038 while the Seebeck coefficient is 4 Journal of Nanomaterials only 0.002 which is decreased by 5% when the cold end temperature is 45 degrees centigrade. It is revealed that the Seebeck coefficient of TEG decreases with the cold end temperature rise and the hot end temperature fixed.
The Effect of TEG Ends Temperature on Seebeck Coefficient.
From the foregoing analysis, the Seebeck coefficient of the semiconductor material reduces with the temperature rise. So when the temperature of the hot end is fixed, the Seebeck coefficient reduces with cold end temperature rise, which also based on the characters of semiconductor material.
The same trend can be seen in Figure 7 which shows the Seebeck coefficient change with the hot end temperature with the cold end temperature being fixed at 25 degrees centigrade. It can be reached from the figure that when the hot end temperature is 50 degrees centigrade the Seebeck coefficient is about 0.042, while the Seebeck coefficient is only 0.039 which is reduced by approximately 0.003 when the cold end temperature is 75 degrees centigrade.
Conclusion
Based on the test bed the relationship between the temperature and characters of TEG was studied and the following conclusions can be reached.
(1) The forced air cooling method can effectively reduce the temperature of the cold end and has little influence on the hot end of TEG and it is recommended for energy recovery based on TEG.
(2) Using the axial fan plus the radiator cooling method has a speed limit and the cooling effect is almost unchanged with the increase of rotational speed when the fan speed reaches the limit because of pressure lose.
(3) The Seebeck coefficient was reduced with the increase of the difference between the two ends of thermoelectric generator because of the characteristics of semimonomer material that the Seebeck coefficient is reduced with temperature increase.
(4) The Seebeck coefficient is also declined with one end temperature rise while the other end temperature is fixed and the reason is also the characteristics of semimonomer material.
